Initial rates of biological (Shewanella putrefaciens strain CN32, pH 6.8) and chemical (ascorbate, pH 3.0) reduction of synthetic Fe(III) oxides with a broad range of crystallinity and specific surface area were examined to assess how variations in these properties are likely to influence the kinetics of bacterial Fe(III) oxide reduction in heterogeneous natural Fe(III) oxide assemblages. The results indicate that bacterial Fe(III) oxide reduction does not respond strongly to oxide crystal thermodynamic properties (∆G f ) which exert a significant impact on the kinetics of abiotic reductive dissolution. These findings suggest that oxide mineral heterogeneity in natural soils and sediments is likely to affect initial rates of bacterial reduction (e.g. during the early stages of anaerobic metabolism following the onset of anoxic conditions) mainly via an influence on reactive surface site density and that inferences regarding the competitiveness of bacterial Fe(III) oxide reduction as a pathway for organic matter oxidation in anoxic environments cannot be based on assumed thermodynamic properties of the dominant oxide phase(s) in the soil or sediment.
Introduction
The reduction of Fe(III) (hydr)oxides plays a central role in the biogeochemistry of anaerobic soils and sediments (1) (2) (3) , and microbial (enzymatic) catalysis dominates Fe(III) oxide reduction in nonsulfidogenic sedimentary environments (4) . Iron oxides occur in soils and sediments as a spectrum of phases ranging from amorphous materials, such as ferrihydrite, to well-crystallized minerals such as goethite and hematite (5) . For a particular Fe(III) oxide phase, a range of crystallinity can exist, which is correlated with the particle size, surface area, and solubility of the mineral. Such variations lead to a continuum of Fe(III) oxide reactivity (e.g. toward chemical dissolution) for diverse assemblages of Fe(III) oxides present in environmental samples (6) .
Recent studies have established that crystallographic and surface chemical (e.g. specific surface area) properties of Fe(III) oxides exert a fundamental influence on the rate and extent of bacterial Fe(III) oxide reduction (7, 8) . These findings suggest that it is possible to draw an analogy between controls on microbial Fe(III) oxide reduction and established models (e.g. refs 9 and 10) of chemical dissolution of oxide minerals. The strong influence of oxide structural and surface chemical properties on the susceptibility of different Fe(III) oxides to enzymatic reduction suggests that natural Fe(III) oxides are likely to demonstrate heterogeneity in reactivity toward microbial reduction in a manner analogous to how they demonstrate heterogeneity with respect to chemical reductive dissolution (6) . However, to date there is a lack of detailed experimental information with which to evaluate this hypothesis. In this study, initial rates of bacterial (Shewanella putrefaciens strain CN32) and chemical (ascorbate) reduction of synthetic Fe(III) oxides with a broad range of crystallinity and specific surface area were compared in order to assess how variations in these properties would be expected to influence the kinetics of bacterial Fe(III) oxide reduction in heterogeneous natural Fe(III) oxide assemblages.
Experimental Section
Oxide Synthesis and Characterization. A variety of synthetic Fe(III) oxides (listed in Table 1 ) were generated according to the procedures described in ref 11. The suite of oxides included a series of goethites with differing crystallinity and surface area, synthesized from Fe(NO3)3 at different temperatures, as described in ref 12. A commercial hematite preparation purchased from Fisher Scientific was included in the experiments, as was freshly precipitated hydrous ferric oxide (HFO) produced by neutralization of 0.4 M FeCl3‚6H2O with 1 M NaOH (13) . All oxides were washed free of anions by centrifugation, freeze-dried (with the exception of the HFO), and passed through a 100 µm sieve prior to use in reduction experiments.
The surface area of the synthetic Fe(III) oxides was determined by multipoint BET analysis (Micromeritics Model Gemini). The hydroxylamine-HCl (HA-HCl) extractable Fe(III) content of the oxides was determined by shaking (250 rpm) 0.025-0.1 g of material in 5 mL of 0.25 M NH2-OH/0.25 M HCl for 1 h, followed by Ferrozine analysis of the Fe(II) content of the extract (14) .
Initial Rates of Bacterial Synthetic Fe(III) Oxide Reduction. Synthetic Fe(III) oxides were suspended at a concentration of 10 mmol Fe(III) L -1 in 10 mL of PIPES (piperazine-N,N′-bis{2-ethanesulfonic acid}, dipotassium salt) buffer (10 mM, pH 6.8) in 25-mL anaerobic pressure tubes (Bellco, Inc.). Triplicate tubes were prepared for each oxide, and the tubes were bubbled for 5-10 min with 100% H2 prior to being capped with thick rubber stoppers and crimp sealed. The oxide suspensions were not autoclaved, so as to avoid the possible influence of heating on their surface properties and crystallinity. The tubes were inoculated with 1 × 10 7 to 2 × 10 9 cells mL -1 of the dissimilatory Fe(III)-reducing bacterium (FeRB) Shewanella putrefaciens strain CN32 (15) . Strain CN32, isolated from anaerobic groundwater, is capable of carrying out dissimilatory Fe(III) reduction with either lactate or H2 as an electron donor. As previously described (15) , the cells were grown aerobically for 16 h on tryptic soy broth (TSB) and then washed twice with sterile anaerobic PIPES buffer prior to use in Fe(III) oxide reduction experiments. The tubes were incubated at room temperature on a rotary shaker (150 rpm) for 3 d. Subsamples were removed daily with a N2-flushed plastic syringe and 18G needle and analyzed for dissolved (0.2 µm-filtered) and total (0.5 M HClextractable) Fe(II) content by Ferrozine analysis. Accumulation of both dissolved and total Fe(II) was linear over the incubation period for all oxide phases. Initial rates of oxide reduction were computed by linear regression analysis of total Fe(II) vs time data; r 2 values were g 0.9 for all experiments.
Initial Rates of Synthetic Fe(III) Oxide Reduction by Ascorbate. Synthetic Fe(III) oxides were suspended at a concentration of 5 mmol Fe(III) L -1 in 100 mL of N2-bubbled 10 mM ascorbic acid (pH 3) contained in sealed 120-mL serum bottles. The oxide suspensions were incubated at room temperature on a rotary shaker for 1-2 d (except for freshly precipitated HFO), during which samples for dissolved Fe(II) analysis were removed periodically with a N2-flushed plastic syringe and filtered through a 0.2 µm syringe filter into Ferrozine. Fe(II) accumulation was linear during the incubation period. A maximum of ca. 20% of the Fe(III) content of the oxide suspensions was reduced during the incubation period, except for lepidocrocite, which was reduced 65% over a 22 h period. Initial rates of oxide reduction were computed by linear regression analysis of Fe(II) vs time data. Analysis of freshly precipitated HFO reduction by ascorbate was conducted over a 1-h incubation period, during which time Fe(II) accumulated in a hyperbolic manner. The initial rate of HFO reduction was computed from the first derivative of a nonlinear curve fit of Fe(II) vs time data to the following equation depicting the accumulation of endproduct from a first-order reaction: Fe(II)t ) Fe(II)max[1-exp(-kt)] + Fe(II)0, where Fe(II)t is the concentration of Fe(II) at time t, Fe(II)max is the maximum Fe(II) concentration observed at the end of the experiment, Fe(II)0 is the Fe(II) concentration at the start of the experiment, and k is a firstorder rate constant.
Results and Discussion
Initial Fe(III) Oxide Reduction Rate as a Function of Oxide Surface Area vs Thermodynamic Properties. Initial rates (3 d incubation period) of bacterial synthetic Fe(III) oxide reduction were examined under nongrowth conditions with H2 as the electron donor in order to provide constant biological and simplified aqueous geochemical conditions. Accumulation of aqueous and surface (oxide and FeRB) bound Fe(II) poses both kinetic and thermodynamic constraints on the long-term extent of bacterial Fe(III) oxide reduction (16, 17) , so that it is only possible to accurately assess the impact of oxide surface and/or thermodynamic properties on oxide reduction kinetics during the initial stages of reduction.
A strong linear correlation was observed between initial rates of bacterial synthetic Fe(III) oxide reduction and oxide surface area ( Figure 1A ). The linear relationship between oxide reduction rate and surface area was observed across a wide range of FeRB cell densities (1 × 10 8 to 2 × 10 9 cells mL -1 ; Figure 2A ), which encompassed the cell density (ca. 2 × 10 8 cells mL
) used routinely in this study. Three oxides that were strongly aggregated (as evidenced by rapid particle settling after mixing) were reduced at much lower rates than the other nine oxides. Disaggregation of the 2-line ferrihydrite and feroxyhyte phases by vigorous stirring in PIPES buffer (10 mM, pH 6.8) for 4 h prior to deoxygenation and FeRB inoculation led to increased rates of bacterial reduction ( Figure 1A) ; however, reduction rates were still substantially lower than for synthetic goethites of comparable or lower specific surface area. Attempts to more fully disaggregate these oxides by prolonged stirring (>16 h) led to phase transformations: the color of the oxide suspensions changed from reddish-brown to yellowish-brown, suggesting partial conversion to goethite. The resistance of dehydrated 2-line ferrihydrite to enzymatic reduction is consistent with previous studies with this oxide phase (7). This resistance can be attributed to a relatively low abundance of oxide surface sites (per unit mass) capable of interacting with metal reductase proteins (see further discussion below) on the outside of relatively large FeRB cells, which are not likely to be capable of entering internal aggregate pores. The results obtained with the aggregated and partially disaggregated oxides were not included in the regression analysis depicted in Figure 1A .
The results of the experiments shown in Figure 1A confirm the general linear dependence of initial bacterial Fe(III) oxide reduction rate on oxide surface area documented in previous experiments with a smaller suite of synthetic oxides (7). The consistent linear correlation between oxide reduction rate and surface area across a wide range of FeRB cell densities ( Figure 2A ) indicates that limitations on reduction rate posed by reductant abundance were not responsible for linearization of an otherwise logarithmic rate vs surface area relationship. As observed in previous studies of synthetic Fe(III) oxide reduction kinetics (7), plots of initial oxide reduction rate vs FeRB cell density were hyperbolic, with surface area normalized reduction fluxes becoming saturated at FeRB cell densities of ca. 5 × 10 8 cells mL -1 and higher ( Figure 2B ). Based on these results, the initial reduction rates obtained with ca. 2 × 10 8 cells mL -1 ( Figure 1A ) should have approximated (within a factor of 2) maximum rates of enzymatic reduction. + + e -) Fe 2+ + 2H2O) computed using the estimated ∆Gf values and an assumed Fe 2+ activity of 10 -6 M; the activities of the solid-phase oxides and H2O were assumed equal to unity. g Temperature refers to the temperature at which the mineral synthesis was conducted.
In contrast to the linear correlation between oxide surface area and initial rates of bacterial reduction, a logarithmic relationship was observed between rates of oxide reductive dissolution by ascorbate and oxide surface area ( Figure 1B) . These results are analogous to the logarithmic relationship observed between oxide surface area and extent of oxide dissolution by oxalate or HA-HCl during a defined extraction period (7). A similar relationship was observed for HA-HCl dissolution (1 h extraction) of the oxides employed in this study ( Figure 1B , inset). Oxide particle aggregation had no apparent effect on the susceptibility of the oxides toward chemical dissolution. The logarithmic relationship between initial abiotic dissolution rate and oxide surface area can be attributed to differences in oxide thermodynamic properties (i.e. oxide crystal order, as reflected by differences in ∆Gf and Ks0) that are correlated with specific surface area (12).
An explicit illustration of the relative influence of oxide crystal structural properties on initial rates of biological vs chemical reduction can be drawn from the results obtained with synthetic lepidocrocite (circled data points in Figure 1 ). Lepidocrocite possesses a lower degree of crystal order (less negative ∆Gf, higher Ks0) than goethites of comparable particle size and surface area (5). Consequently, lepidocrocite yielded a 2-fold higher initial rate of bacterial reduction compared to goethites with similar surface areas ( Figure 1A) . However, the effect on the rate of reductive dissolution by ascorbate was much more dramatic: lepidocrocite with a surface area of 64 m 2 g -1 was reduced at a rate ca. 2 orders of magnitude greater than that of goethites with surface areas of 62 and 73 m 2 g -1 ( Figure 1B) .
The contrasting influence of Fe(III) oxide mineralogical properties on chemical vs biological initial reaction rates is further illustrated by comparing data from a literature compilation of surface area normalized initial rates of abiotic oxide reductive dissolution by ascorbate (Table 1 , Supporting Information) vs bacterial reduction (Table 2 , Supporting Information). When data for different oxides are averaged and plotted together, it is clear that initial ascorbate catalyzed reduction rates vary by more than 3 orders of magnitude ( Figure 3A) , with rates for highly ordered minerals such as goethite and hematite being far lower than those for ferrihydrite and lepidocrocite. In contrast, initial bacterial reduction rates are much more uniform ( Figure 3B) , with rates for 2-line ferrihydrite actually being the lowest due to the effect of particle aggregation during dehydration. No statistically significant difference exists between surface area normalized initial enzymatic rates of HFO, goethite, hematite, and lepidocrocite reduction. These findings indicate that caution must be exercised in using rates of abiotic reductive dissolution as an indicator of the potential reactivity of soil or sediment Fe(III) oxides toward enzymatic reduction. 
FIGURE 2. Relationship between oxide surface area and initial bacterial reduction rate for a range of FeRB cell densities (A) and surface area normalized rates of oxide reduction vs FeRB cell density (B). Solid lines in panel A show results of linear least-squares regression analyses. Solid lines in panel B show results of nonlinear least-squares regression fits of the data to the equation for a rectangular hyperbola.
Mechanistic Considerations. The results described above indicate that initial rates of bacterial Fe(III) oxide reduction are not strongly controlled by oxide crystal thermodynamic properties. This assertion is supported by plots of initial surface area normalized rates of reduction vs oxide half-cell reduction potential (i.e. linear free energy relationships), which showed a significant correlation in the case of ascorbate reduction but no significant correlation in the case of bacterial reduction (Figure 4 ). Detachment of a metal ion from an oxide surface site is generally viewed as the rate-limiting step in oxide mineral dissolution (18) . Consequently, it could be argued that because of the tendency for Fe(II) to reassociate (or never become detached in the first place) with oxide surfaces during enzymatic reduction at circumneutral pH (discussed in detail in ref 17) , the kinetics of the enzymatic reduction system is not controlled by the presence of an obvious leaving group for which the detachment energy (related to the energy required for metal-ligand bond formation and breaking processes (19) ) is affected by the thermodynamic properties of the oxide phase. However, during the bacterial Fe(III) oxide reduction experiments conducted under simplified aqueous geochemical conditions (i.e. in the absence of ions such as HCO 3 -and PO4 3-, which can induce formation of Fe(II) surface precipitates; (8, 16, 20) ), more than 65% of total (0.5 M HCl-extractable) Fe(II) production was accounted for by aqueous Fe(II) accumulation ( Figure 1A, inset) . Hence, enzymatic Fe(III) oxide reduction was mainly a reductive dissolution process in the current experiments. If Fe(II) detachment from the oxide surface during enzymatic reduction was affected by the thermodynamic properties of the oxide and thus controlled the bulk reduction rate, we would have expected to see a logarithmic relationship between initial surface-area normalized reductive dissolution rate and oxide surface areas as was clearly the case for reductive dissolution by ascorbate. Since this was not the observed, we may conclude that the mechanism and/or the rate-limiting step during enzymatic Fe(III) oxide reduction is fundamentally different than that for abiotic reductive dissolution. The most obvious explanation is that the rate of electron transfer, rather than Fe(II) detachment, is the rate limiting step during enzymatic reduction, and that rates of enzymatic electron transfer are not strongly affected by oxide thermodynamic properties.
Ongoing studies with Shewanella (21-26) and recent studies with Geobacter (27, 28) have provided direct evidence that low redox potential, outer membrane-associated c-type cytochromes are involved in electron transfer from FeRB to Fe(III) oxides. In addition, a recent atomic force microscopy study by Lower et al. (29) demonstrated apparent molecular "recognition" of Fe(III) oxide surface sites by a putative ca. 150 kDa outer membrane protein of the dissimilatory FeRB Shewanella oneidensis (formerly S. putrefaciens strain MR-1), a close relative of the organism used in this study. Together these findings suggest the possibility that the linear relationship between enzymatic Fe(III) oxide reduction rate and oxide surface area shown in Figure 1A (and by analogy, the similarity of surface area normalized electron transfer rates across a broad range of oxide minerals; Figure 3B ) results from the fact that dissimilatory FeRB "recognize" different Fe(III) oxide surfaces more-or-less equally, independent of the underlying crystal structure, such that initial rates of electron transfer after recognition are not strongly dependent on crystal structure. This suggestion is consistent with an argument presented by Fischer (30) to account for the relatively minor influence of oxide solubility on rates of synthetic Fe(III) oxide reduction by Corynebacteria at pH 7. Fischer (30) reasoned that if the redox potential of the bacterial cells (i.e., their outer membrane c-type cytochromes) is sufficiently negative for reduction of well-crystallized oxide phases such as hematite or goethite, each collision (or "recognition") of an FeRB cell with an oxide particle will trigger reduction of an Fe(III) surface site. Therefore the amount of Fe(II) produced during each collision event will not increase markedly with increasing oxide solubility. A (32) provided explicit evidence that S. algae strain BrY produces and excretes electron shuttling compounds (very likely quinone-like compounds with a molecular weight of ca. 10 kDa or less) and Fe(III) chelators that allow the organism to reduce solidphase Fe(III) oxides that they cannot directly contact. The question thus arises as to whether electron shuttling and/or chelation was involved in the Fe(III) oxide reduction activity of S. putrefaciens strain CN32 in this study. This is an important consideration, since the presence of such compounds might be expected to alter the response of enzymatic reduction activity to oxide surface and/or thermodynamic properties. We cannot rule out the possibility that electron shuttling compounds and/or Fe(III) chelators were present in our synthetic Fe(III) oxide reduction experiments, since we did not test for their presence. However, the experiments were conducted under nongrowth conditions and in the absence of an organic carbon source, which suggests that biosynthesis of such compounds was not likely to have occurred. In addition, the cells used for the experiments were grown in the absence of Fe(III), so that production and storage of electron shuttling compounds would not have been expected. These considerations suggest that soluble electron shuttles and chelators were not likely to have been involved in controlling the initial rates of synthetic Fe(III) oxide reduction. Nevertheless, the influence of such compounds on the relative importance of surface area vs thermodynamic controls on enzymatic Fe(III) oxide reduction represents a fruitful topic for future study.
Implications for Natural Systems. The experiments examining initial rates of bacterial synthetic Fe(III) oxide reduction indicate that oxide mineral heterogeneity in natural soils and sediments is likely to affect initial rates of bacterial reduction (e.g. during the early stages of anaerobic metabolism following the onset of anoxic conditions) mainly via an influence on reactive surface site density. Although variations in oxide thermodynamic properties may alter rates of enzymatic reduction to some extent (as illustrated by the studies of lepidocrocite vs goethite reduction), this is likely to represent a secondary effect in relation to the primary controlling influence of oxide surface area. Hence, the surface area of different oxides phases present in a soil or sediment will exert primary control on initial rates of enzymatic reduction.
During the later stages of bacterial Fe(III) oxide reduction in permanently reduced sediments, accumulation of aqueous and surface-bound Fe(II) is expected to exert a dominant control on apparent Fe(III) oxide reactivity toward enzymatic reduction, particularly in situations where removal of Fe(II) end-products is slow compared to the kinetics of reduction (33) . This conceptual model is consistent with a recent analysis of the kinetics of hematite reduction by S. putrefaciens strain CN32 (34, 35) , which showed that initial rates of reduction were under kinetic control (presumably limited by the rate of electron transfer from FeRB cells to the oxide), whereas the long-term extent of reduction was limited by mass transfer of Fe(II) away from oxide/FeRB surfaces. As discussed in Roden and Zachara (7) and reviewed in Roden and Urrutia (17) , there is a general relationship between oxide surface area and long-term extent of oxide reduction in closed reaction systems, which results from the function of oxide surfaces as a repository for sorbed and/or surface-precipitated biogenic Fe(II). Although the existence of this relationship implies a connection between extent of bacterial reduction and oxide thermodynamic properties, evidence suggests that this connection is not directly related to thermodynamic properties such as ∆Gf or Ks0 but rather results mainly from the correlation between these properties and oxide surface area.
An important implication of the above findings is that inferences regarding the ability of bacterial Fe(III) oxide reduction to compete with other terminal electron accepting processes (TEAPs) in soils and sediments should be based on estimates of bulk reactive (i.e. microbially accessible) surface site densitysrather than the thermodynamic properties of the oxide(s) identified as the dominant phase(s) in a particular soil or sediment. This line of reasoning leads to the provisional conclusion that recent thermodynamic explanations for the coexistence of bacterial Fe(III) oxide reduction and other TEAPs (e.g. sulfate reduction and methanogenesis) in sediments and subsurface environments (36) (37) (38) have produced reasonable results for mechanistically incorrect reasons. The ability of thermodynamic considerations to explain the coexistence of bacterial Fe(III) oxide reduction and other TEAPs in sediments is likely the fortuitous result of the correlation between oxide thermodynamic properties and surface properties, which, based on current experimental information, actually control the initial reduction rate and long-term availability of Fe(III) oxides as competing electron acceptors for anaerobic respiration. Experiments with a mixed culture of wetland sediment bacteria and a range of synthetic Fe(III) oxides indicate that Fe(III)-reducing bacteria can outcompete methanogens for acetate with equal effectiveness when the different oxides are present at comparable surface area loadingssdespite major differences in computed ∆G values for acetate oxidation coupled to Fe(III) oxide reduction (39) . These results emphasize the critical need for more accurate and robust wet-chemical (e.g. ref 40 ) and/or spectroscopic techniques for assessing the surface properties (e.g. specific surface area and reactive site density) of natural Fe(III) oxide assemblages, including ones in which the presence of sorbed or surface precipitated Fe(II) limits the potential for enzymatic electron transfer and thereby controls apparent oxide reactivity toward microbial reduction. 
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